We study the propagation of Dirac neutrinos in gravitational backgrounds and show that the gravitational interaction can lead to neutrino asymmetry due to modifications in dispersion relation. We give some examples of spacetime geometries where such asymmetry can arise. This asymmetry would have contributed to the relic neutrino asymmetry through the interaction of neutrinos with primordial black holes before neutrinos decoupled. In the present epoch it may be generated in accretion around high temperature rotating black holes.
The propagation of test particles in gravitational backgrounds has yielded many interesting effects in both classical and quantum realms. If the test particle has a dipole moment, then its motion deviates from the geodesic of a spin-free particle and is described by the Mathisson-Papapetrou equation 1,2 which may also be extended to the case of particles with intrinsic spin.
3 There have been various further studies and extensions dealing with dynamics of such bodies in curved backgrounds at both classical and quantum mechanical level. 4 In this work, we bring to the attention another manifestation of the above effect for the case of propagation of Dirac neutrinos in curved backgrounds and the resulting neutrino asymmetry. We would show that when mass eigenstates of Dirac neutrinos propagate in gravitational backgrounds, depending upon the form of the background metric, a neutrino asymmetry can originate. In a recent paper 5 we have highlighted this effect for the case of Kerr black holes in the present epoch. In this paper we would give a simple rule to identify when a background spacetime would yield a neutrino asymmetry. Apart from being generated in the present epoch, this asymmetry would also be generated in the early universe through the interaction of neutrinos with primordial black holes formed in QCD phase transition. We would also speculate about its relevance in future collider experiments.
The neutrino asymmetry as is well understood in the literature arises due to early Universe processes. If the baryon and lepton numbers are different in our Universe, then since our Universe is electrically neutral, it is argued that lepton asymmetry manifests itself in the form of neutrino asymmetry. Large lepton asymmetries can arise in early Universe through, for example, Affleck-Dine mechanism.
6,7 The gravitationally induced neutrino asymmetry would contribute to this early Universe asymmetry due to interaction of neutrinos with primordial black holes before the neutrinos decoupled at t ∼ 1 s after the big bang as relic neutrino asymmetry has important effects (and hence can be constrained) by big bang nucleosynthesis and power spectrum of cosmic microwave background.
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One of the first effects for neutrinos in curved backgrounds was studied by Vilenkin 9 where he sought for a macroscopic parity violation as an extension of Wu's celebrated experiment on Cobalt-60 confirming parity violation in nature. Vilenkin was able to show that for the case of a rotating black hole, more neutrinos are emitted in the direction opposite to the angular momentum of the black hole, thus providing a hint that neutrinos in gravitational settings can provide interesting effects. This effect was further studied and related to pulsar velocities. [10] [11] [12] In more recent times effects of gravitational field on neutrino oscillations have also caught a lot of attention.
13-17
As noted before, when a spinning test particle propagates in the curved spacetime, the coupling of its spin with the spin connection of the background field produces an interaction term. This interaction appears in a manner similar to the propagation of a test charged spinor in an electromagnetic field on a flat background. 18 The spin connection in curved spacetime plays a similar role as of electromagnetic four-vector potential in the flat space. It is very interesting to note that the interaction term would not preserve CPT if the background spacetime contribution does not flip sign under CPT transformation. When the spinor under consideration is chosen as a Dirac neutrino, this interaction under CPT will give rise to opposite sign for a left-handed (neutrino) and right-handed (anti-neutrino) fields.
The general Dirac-Lagrangian density in curved spacetime is given as
where the covariant derivative and spin connection are defined as
Here
is the generator of tangent space Lorentz transformation, the Latin and Greek symbols indicate the flat and curved space coordinate respectively and we would work in units, c = = k B = 1 and with signature (+ − − −).
The spin connection term in the Dirac-Lagrangian will give rise to a combination of vector,ψA a γ a ψ and an axial-vector,ψB d γ 5 γ d ψ coupling. The vector term is anti-hermitian and disappears when the hermitian conjugate part of Lagrangian is added to (1) . The only interaction which survives in L is the axial-vector part and (1) reduces to
where
If B d does not change sign under CPT transformation, then L I is odd under it. The important factor for our application is that the axial interaction term (L I ) has different signs for left and right chiral fields and for neutrino, ψ, and anti-neutrino, ψ c , and it may be expressed as
The corresponding dispersion relation for left and right chirality fields is given as
where the upper sign corresponds to particle and the lower sign is for anti-particle. In the case of Dirac neutrino family, the particle is left-handed and its antiparticle partner is right-handed, hence expanding out (8) , one can obtain the dispersion relation for left-handed (neutrino) and right-handed (anti-neutrino) fields as
where the B a p a interaction term comes with a positive sign for the neutrino and with a negative sign for the anti-neutrino.
Note that B a depends on the metric and its derivative. The above dispersion relation thus tells us that there may be a split in energies of neutrinos and antineutrinos when they propagate on a curved background. Let us consider a situation in which beams of neutrinos and anti-neutrinos are propagating in a region of strong gravitational field. If P i and P f refer to two points of the interval over which asymmetry is measured, the asymmetry would be
It is important to note that this asymmetry is independent of the choice of coordinates, which can be realized from the invariant form of the interaction term in the Lagrangian. Hence for simplicity, without any loss of generality, we would make the choice of Cartesian coordinates. In this coordinate system, we note that Hence working in Cartesian coordinates, we find that a necessary condition to ensure a nonzero neutrino asymmetry is that background metric should be such that B 0 = 0. As B 0 is an axial-scalar potential, it is clear from its definition that it would be nonvanishing only when one of the g xy , g yz and g xz components is nonzero. Similarly, one can find out under what conditions other components of this axial vector would be nonvanishing.
If we write the most general metric for the background spacetime,
and separate out the diagonal, spatio-temporal and spatial-spatial components,
then if II and III are identically zero, B µ vanishes completely. In Cartesian coordinates, neutrino asymmetry would arise if and only if III is nonvanishing. Given a background spacetime, one can write it in Cartesian form and easily predict whether such a spacetime would give rise to neutrino asymmetry. We now give some examples highlighting the above rule. Let us first take the case of metric of a rotating black hole of mass M and angular momentum J = M a, in the asymptotic limit, i.e. 1/r → 0 and neglecting terms of the order of (r g /r) 3 and higher order, where r g = 2M/M 2 P . The spacetime under this approximation is given by
Since all of the space-space cross terms, i.e. III in (12) , are vanishing, B 0 would be zero and thus the metric above for the rotating black hole in this approximation would not yield a nonzero neutrino asymmetry. Let us now consider Kerr metric in Cartesian coordinates without invoking any approximation. The spacetime interval is given by
where r is defined through,
a This happens because if B 0 = 0, then under
The metric yields nonvanishing space-space cross terms and hence the neutrino asymmetry.
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Another example of a spacetime where this asymmetry can occur is in the FRW metric with primordial tensor perturbations,
Here S(τ ) is the expansion factor, φ and β are scalar, α i is vector and h ij is tensor fluctuation of the metric. Since the space-space cross terms are present, one expects neutrino asymmetry in the case of this background spacetime. We now consider a background spacetime with the parameters (for e.g. in the case of a Kerr black hole, mass and angular momentum) tuned in such a way that B · p B 0 p 0 and B a B a 1, then in the ultra-relativistic regime we get from (10),
whereB 0 is B 0 integrated over the path from P i to P f . The sign of this asymmetry depends on various parameters of the background metric. The asymmetry becomes significant for high temperatures. This process would have made a contribution to the relic neutrino asymmetry in the period between t ∼ 10 −5 s, the time after big bang when QCD phase transitions occurred and primordial black holes were formed, and t ∼ 1 s, the time of neutrino decoupling. The temperature of neutrinos during QCD phase transitions was of the order of 100 MeV and went down to 1 MeV when they decoupled. In a generic physical scenario, primordial black holes would be rotating and we can estimate the contribution to the relic asymmetry. Assuming thatB 0 ∼ 10 −5 erg for a single such black hole, the estimated asymmetry from (18) turns out to be ∆n ∼ 10 −13 in the period of QCD phase transitions. Similarly, at the epoch of neutrino decoupling this asymmetry would reduce to ∆n ∼ 10 −19 forB 0 ∼ 10 −7 erg. In the present epoch this asymmetry can become significant wherever there exist neutrinos with high temperature in strong gravitational fields with metrics deviating from spherical symmetry. One such arena would be for the neutrinos formed in Hawking radiation process of light mass black holes which will be at high temperature.
b For example a primordial black hole with mass 10 15 g would still exist today c and would have the Hawking temperature of 10 11 K ∼ 10 −5 erg. When the neutrinos come out from these black holes they will have the temperature as of 10 −5 erg even and may accrete around the black hole. IfB 0 is chosen of b We thank D. V. Ahluwalia for discussions on this issue. c However, the evaporation rate of black holes would be slower if we live on a brane universe 22 and hence black holes with even larger mass might exist today.
the order of 10 −6 erg, then the resulting neutrino asymmetry arising due to the accretion process of such a single black hole would be of the order of 10 −16 . With large number of such phenomena adding together, this asymmetry would increase.
Such an effect can also leave signatures at future collider experiments. If there exist large extra dimensions, then the fundamental Planck scale can be around TeV. 23, 24 In such a setting, parton-parton collisions would produce black holes with mass equal to the center-of-mass energy of two partons, if the impact parameter is smaller than the Schwarzschild radius. 25, 26 The Large Hadron Collider experiment would coincide proton-proton center-of-mass energies to about 14 TeV and hence produce a copious amount of mini black holes which would have Hawking temperature of about ∼ 10 26 K and would radiate out to standard model particles in 10 −26 s. If the black holes are assumed to be spinning and provided the flux of neutrinos is large enough, then such an experiment could be an interesting setting for the study of gravitationally induced neutrino asymmetry, which can be pursued in future.
